ABSTRACT TBX1 encodes a T-box-containing transcription factor, which is thought to be a key player in the aetiology of the DiGeorge and Velocardiofacial syndromes (DGS/VCFS). In addition to defects affecting structures derived from the pharyngeal pouches, these patients exhibit varying degrees of facial dysmorphology and cleft palate. We have analysed the expression of murine Tbx1 during early facial development and found transcripts at sites of known epithelialmesenchymal interaction. In particular, Tbx1 was expressed in epithelium of the early facial processes, including the fronto-nasal, medial and lateral nasal and palatine. Transcripts were also localised to the epithelium of developing tooth germs and hair follicles at several stages during their early development. Together, these expression domains suggest a role for Tbx1 in mediating epithelial-mesenchymal signalling in regions of the developing face, a finding which is consistent with the spectrum of facial deformity encountered amongst subjects affected by DGS/VCFS.
The vertebrate face arises from the interaction of several embryonic cell lineages; ectoderm, endoderm, mesoderm and cranial neural crest. These cell populations construct the face via coordinated growth and differentiation, in the form of a series of simple swellings. Principal amongst these, are the maxillary and mandibular processes of the first pharyngeal arch and the frontonasal process. The complex molecular mechanisms underlying development of these processes are mediated by an array of signalling molecules and transcription factors, generating interaction between the epithelium and underlying mesenchyme (FrancisWest et al., 2003) . Any perturbation of these mechanisms can lead to developmental anomalies of the craniofacial region, which can include varying degrees of facial dysmorphology and orofacial clefting.
T-box genes encode a large group of transcription factors characterized by a 180-amino-acid DNA-binding domain homologous to the murine Brachyury (T) gene product (Herrmann et al., 1990) . TBX1 encodes one member of the vertebrate family of Tbox-containing transcription factors and is thought to be a key player in the aetiology of the DiGeorge and Velocardiofacial syndromes (DGS/VCFS) (Jerome and Papaioannou, 2001 , Lindsay et al., 2001 , Merscher et al., 2001 , Yagi et al., 2003 . These syndromes form part of a group of related human dysmorphic disorders that result from deletion or rearrangement of a 3Mb region of chromosome 22q11 (Baldini, 2002 , Baldini, 2005 , Scambler, 2000 . DGS/VCFS subjects are characterised by defects in the cardiac outflow tract and aortic arch, thymic and parathyroid aplasia or hypoplasia, learning and/or behavioural difficulties and anomalies of the craniofacial region (Klewer et al., 2004) . The principle clinical phenotypes present within these syndromes are thought to result from an absence of normal pharyngeal pouch signalling and localised disruption of neural crest migration within the pharyngeal arch system (Kochilas et al., 2002 , Vitelli et al., 2002a . The candidacy of TBX1 for DGS/VCFS has been based upon its chromosomal location (Chieffo et al., 1997) , expression domain in the endoderm and mesodermal core of the developing pharyngeal arches (Chapman et al., 1996 , Kochilas et al., 2003 , Sauka-Spengler et al., 2002 and the finding that mice generated with a targeted deletion in murine Tbx1 (Jerome and Papaioannou, 2001 , Lindsay et al., 2001 , Merscher et al., 2001 or hemizygous deletion of chromosome 16 (Lindsay et al., 2001 , Merscher et al., 2001 ) exhibit a spectrum of phenotypic effects encompassing most of the common DGS/VCFS malformations. More recently, mutation in TBX1 has been identified in one case of sporadic DGS (Yagi et al., 2003) .
The craniofacial malformations in DGS subjects include micrognathia, ear abnormalities, blunted nose, hypertelorism and cleft palate; whilst VCFS involves a more severe facial dysmorphogenesis (pear-shaped nose, long face, malar flattening and micrognathia) in addition to cleft palate (Klewer et al., 2004) and hypodontia (Oberoi and Vargervik, 2005) . We present a detailed analysis of Tbx1 expression in the developing facial region of mice and report the presence of transcripts in epithelial tissues that play a crucial role in normal development of the face and its appendages. Tbx1 expression is restricted to epithelial regions of the developing facial processes, palatal shelves, tooth germs and epidermal invaginations of developing hair follicles. Together, these expression domains are consistent with the phenotypic consequences of a loss of TBX1 function in human subjects and suggest the possibility of an important additional role for this transcription factor during development of regions beyond the pharyngeal pouches.
Results and Discussion
At embryonic (E) day 11.5, Tbx1 was expressed in the epithelium of the early facial primordia; the frontonasal process in the midline and the medial and lateral nasal processes more peripherally, this expression being confluent with the epithelium at the base of the nasal pits (Fig. 1A) . In the early stomatodium, Tbx1 was present throughout the epithelium, but was upregulated in the localised thickenings of presumptive tooth germs (Fig. 1B) . More proximally, strong expression existed in the pharyngeal endoderm and pre-muscular masses of the lateral lingual swellings and tuberculum impar of the developing tongue. Interestingly, expression was also present bilaterally in the primordial condensations of Meckel's cartilage, within the first pharyngeal arch (Fig.  1C) . In the more proximal regions of the early face, Tbx1 was expressed in epithelium of the early laryngeal orifice and epiglotic swelling (Fig. 1D) . Expression was also strong in ectoderm of the tubotympanic recess and the pharyngeal endoderm, in addition to pharyngeal mesoderm surrounding the internal jugular vein (Fig.  1E ). Further proximally, Tbx1 transcripts were strongly localised to the lateral ectoderm of the otic vesicle (Fig. 1F) .
From E12.5-13.5, Tbx1 was expressed in the epithelium at the
Fig. 1. Tbx1 expression in the craniofacial region of the developing mouse embryo at E11.5 (A-F).
Tbx1 is expressed in the epithelium of the developing facial processes and early oral cavity (A,B), whilst more proximally, transcripts are localised in the endoderm and mesoderm of the pharyngeal region (C-E). In the otic vesicle, expression is intense within the lateral ectoderm (F). fnp, fronto-nasal process; ij, internal jugular vein; lnp, lateral nasal process; lo, laryngeal orifice; mc, Meckel's cartilage; mnp, medial nasal process; mp, mandibular process; np, nasal pit; ov, otic vesicle; pe, pharyngeal endoderm; ppe, pharyngeal pouch endoderm; st, stomatodeum; tg, tooth germ; tm, tongue mesoderm; ttr, tubotympanic recess; IX, inferior ganglion of glossopharyngeal nerve.
Fig. 2. Tbx1 expression in the craniofacial region of the developing mouse embryo at E12.5 (A-D) and E13.5 (E-H). Tbx1 is expressed in the epithelial component of the incisor tooth germs (A,E).
In the developing palate, transcripts are expressed throughout the epithelium of the palatine shelves, with intense expression anteriorly (B,F) and on the buccal sides more proximally (C,G). In the pharyngeal regions, Tbx1 is expressed throughout the endoderm and within the mesodermal mass of the developing tongue (D,H). itg, incisor tooth germ; aps, anterior palatal shelf; mps, mid palatal shelf; tm, tongue mesoderm.
floor of the nasal cavities and became restricted to the odontogenic epithelium of the early tooth buds ( Fig. 2A, E) . In the maxilla, Tbx1 transcripts were present throughout the epithelium of the early palatine processes of the maxilla anteriorly (Fig. 2B, F) . These palatine processes lie bilaterally adjacent to the developing tongue and are destined to elevate and fuse in the midline with their counterpart on the opposite side. Tbx1 demonstrated lowlevel transcription throughout the epithelium of these shelves in the mid-portion of the palate, but was upregulated markedly on the buccal sides (Fig. 2C, G) . More proximally, Tbx1 remained strong in the pharyngeal endoderm and mesoderm, with transcription also present in the epithelium and intrinsic musculature of the developing tongue (Fig. 2D, H) . By E14.5 the palatine shelves have elevated above the tongue and are fusing with each other in the midline and with the nasal septum superiorly. Tbx1 was expressed in the epithelium of the nasal cavity, septum and palatal shelves (Fig. 3A-D) ; and interestingly, in the mid-epithelial seam of the palate where fusion is mediated ( Fig. 3B-D, arrowed) . In the tongue, expression continued in the epithelium and within both the intrinsic and extrinsic musculature ( Fig. 3A-C) , whilst strong expression was maintained in the pharyngeal mesoderm (Fig. 3D) .
During the initiation of tooth development at E11.5, Tbx1 was strongly expressed in the localised thickenings of odontogenic epithelium that form the presumptive tooth germs (see Fig. 1B ) and this expression continued in the epithelium of the early tooth bud, being marked particularly on the lingual side (Fig. 4A) . At the late bud stage, Tbx1 remained strong in the lingual and basal regions of the invaginating tooth bud (Fig. 4B) . The transition from bud to cap stage is marked by complex morphological changes in the tooth germ as the essential crown shape of the tooth is delineated. At the early cap stage, Tbx1 transcripts were localised to the peripheral and basal regions of the epithelial cap (Fig. 4C) . During the late cap stage, differentiation of distinct cell populations within the epithelial component of the tooth germ begins. Within these distinct epithelial cell populations, Tbx1 was present peripherally in the external and internal enamel epithelia and enamel knot. In contrast, internally within the stellate reticulum of the enamel organ, Tbx1 transcripts were absent (Fig. 4D) . By the early bell stage, Tbx1 was restricted to the internal enamel epithelium, which is destined to form the ameloblasts responsible for enamel production (Fig. 4E) .
Prior to the onset of hair follicle development in the facial region, Tbx1 expression was absent from the embryonic epidermis, but during initiation, expression upregulated in localised regions of invaginating epithelium that form the early stage 1 epidermal placode (Fig. 4F) . During stages 2-3 of hair follicle morphogenesis, as invagination of the epidermis forms the hair germ and then plug, Tbx1 expression remained strong throughout these structures (Fig. 4G) . Further ingrowth of the follicular epidermis during stage 4 was accompanied by strong Tbx1 expression in the epidermal component of the early hair follicle (Fig. 4H) . At stage 5, differentiation of cellular components within the hair follicle is complete and Tbx1 expression was restricted to cells of the outer root sheath that surround the future hair shaft and dermal papilla. No transcripts were detectable in the hair matrix or dermal papilla itself, but interestingly Tbx1 was upregulated in mesenchymal cells situated between the developing hair follicles (Fig. 4I) . During early growth of the hair follicle, Tbx1 expression continued in the outer root sheath but downregulated in the surrounding mesenchyme (Fig. 4J) .
DGS/VCFS subjects have a spectrum of congenital malformations that are thought to arise from anomalies in development of the pharyngeal pouches (Kochilas et al., 2002 , Vitelli et al., 2002a . To date, most investigations into the developmental basis of these syndromes have concentrated upon defects within the cardiovascular system (Baldini, 2002) . DGS/VCFS are also associated with anomalies in the craniofacial region, principally varying degrees of facial dysmorphology and cleft palate. The aetiology of these disruptions is less well understood, but the expression of Tbx1 is consistent with an important role in mediating some of the complex interactions that govern early development of the facial region and its appendages. A key question is whether Tbx1 integrates into some of the currently known signalling pathways that regulate facial development.
The epithelium of the early face expresses members of several signalling molecule families, including Bone morphogenetic proteins (Bmp), Fibroblast growth factors (Fgf), Hedgehog, Retinoid and Wnt, which mediate many of the interactions that govern outgrowth, patterning and differentiation of the facial primordia and pharyngeal arches (Francis-West et al., 2003) . Genetic links between Tbx1 transcription and signaling from several members of these families have been elucidated in several model organisms. Retinoic acid is important for patterning the pharyngeal arches and fronto-nasal region of the embryonic face and endogenous levels appear to be important for normal regulation of Tbx1 (Roberts et al., 2005) , a finding consistent with DGS-type defects in embryos exposed to increased (Mulder et al., 2000 , Mulder et al., 1998 or reduced retinoid signaling. Fgf8 is also important during early morphogenesis and outgrowth of the facial processes and first 
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pharyngeal arch (Abzhanov and Tabin, 2004 , Firnberg and Neubuser, 2002 , Trumpp et al., 1999 . In the pharyngeal endoderm and cardiac outflow tract, Fgf8 expression overlaps with and
Fig. 4. Tbx1 expression in the developing tooth (A-E) and hair follicle (F-J).
Transcripts are present within the epithelial component of the tooth germ at the early (A) and late bud (B) stages. During the early (C) and late cap stages (D) expression is present in the external and internal enamel epithelia, being continuous at the cervical loop and enamel knot. By the early bell stage (E) expression has localised to the internal enamel epithelium. In the developing hair follicle, Tbx1 is expressed in the epithelium of the early stage 1 epidermal placode (F) and hair plug, i.e. stage 2-3 (G). During stages 4 (H) and 5 (I) of hair follicle morphogenesis, Tbx1 progressively localises to the outer root sheath of the epithelial component, with expression in the surrounding mesenchyme. In the early hair follicle (J), Tbx1 is present in the outer root sheath but has downregulated in the surrounding mesenchyme. cl, cervical loop; dp, dermal papilla; ek, enamel knot; hs, hair shaft; eee, external enamel epithelium; iee, internal enamel epithelium; ors, outer root sheath. (Hu et al., 2004 , Vitelli et al., 2002b ; with reduced Fgf8 activity in mice leading to cardiovascular and pharyngeal defects characteristic of DGS/VCFS (Abu-Issa et al., 2002 , Frank et al., 2002 . The co-expression of Tbx1 with Fgf8 in the facial epithelium of the fronto-nasal process, medial and lateral nasal processes and first pharyngeal arch suggests that in DGS/VCFS subjects, facial dysmorphogenesis may be associated with altered levels of Fgf8 activity in these regions. Shh signalling is also important for facial development. Shh mutants have disruption in early patterning of the neural plate, resulting in a failure of forebrain cleavage and holoprosencephaly (Chiang et al., 1996) . During later stages of facial development, Shh is essential for morphogenesis of the fronto-nasal and maxillary processes; loss of Shh signalling in these region inhibits growth, resulting in hypotelorism and cleft lip/palate, whilst excess signal leads to a mediolateral widening or hypertelorism (Hu and Helms, 1999) . Tbx1 expression coincides with that of Shh in the epithelium of these early facial primordia, in addition to several other regions of epithelial-mesenchymal interaction; notably the palatine processes of the maxilla, developing tooth germs and hair follicles.
Tbx1 expression is dependent upon Shh signalling in certain discreet regions of the craniofacial complex, being downregulated in the mesodermal core and lost in the pharyngeal endoderm of the pharyngeal arch system in Shh -/-mutant mice (Garg et al., 2001) . In addition, in vivo evidence exists for the molecular regulation of Tbx1 in these regions via Shh-induced activity of Foxa and c-class transcription factors (Yamagishi et al., 2003) . In the anterior palate, a network of genetic interaction regulates Shh transcription within the medial edge epithelium (MEE) via Msx1-maintained expression of Bmp4 within the underlying mesenchyme and in turn, Shh-induced mesenchymal expression of Bmp2; functioning to induce cell proliferation within the palatal shelves . Shh is a downstream target of Fgf10-Fgfr2b signalling within this region (Rice et al., 2004) and Fgf10 lies downstream of Tbx1 in the embryonic heart field (Hu et al., 2004 , Xu et al., 2004 . The expression of Tbx1 in the MEE of the anterior palatine shelves and findings that Tbx1 -/-mutant mice exhibit cleft palate (Jerome and Papaioannou, 2001 , Lindsay et al., 2001 , Merscher et al., 2001 provide strong indirect evidence of a role for Tbx1 during these stages of palatogenesis, possibly mediated by Shh signalling.
Tbx1 is also co-expressed with Shh in the epithelial compartment of organs that develop via reciprocal signalling between epithelium and mesenchyme. In the developing tooth germ, Shh appears to be essential for initiation and subsequent morphogenesis (Cobourne et al., 2001 , Dassule et al., 2000 , Gritli-Linde et al., 2002 , Sarkar et al., 2000 , whilst in the hair follicle it regulates growth and morphogenesis directly and has an indirect effect upon maturation (Chiang et al., 1999 , Karlsson et al., 1999 , StJacques et al., 1998 . The co-expression of Shh and Tbx1 in the epithelium of these organs during crucial stages of early development is also suggestive of molecular interaction in these regions. Indeed, mutations in the human SHH gene can cause maxillary incisor hypodontia (Garavelli et al., 2004 , Nanni et al., 2001 ; Tbx1 -/-mice have defects in the maxillary incisors (Jerome and Papaioannou, 2001 ) and VCFS has been associated with the presence of a single maxillary incisor (Oberoi and Vargervik, 2005) .
The highly localised expression domains of Tbx1 in the facial regions of the early embryo suggest a role in epithelial-mesenchymal interaction during development of the facial prominences and appendages. Existing genetic evidence from other regions of the embryo and the domains of considerable co-expression make it likely that interaction exists with Hedgehog and Fgf family members.
Experimental Procedures

Animals
CD-1 mice were time-mated and pregnant females sacrificed with cervical dislocation. Matings were set up such that noon of the day on which vaginal plugs were detected was considered as E0.5. Embryonic heads were collected at different stages (E11.5-E15.5) and fixed in 4% (w/v) paraformaldehyde at 4 o C overnight. Following this, heads were washed in PBS, dehydrated through a graded series of ethanols, embedded in paraffin wax and sectioned at 7µm in preparation for in situ hybridisation.
In situ hybridisation
Radioactive section in situ hybridisation using 35 S-UTP radiolabelled riboprobes was performed as previously described (Wilkinson, 1992) . Tbx1 antisense riboprobes were generated from a mouse cDNA clone, a kind gift of Prof Pete Scambler (ICH, UCL, UK). Both light and dark-field images were photographed using a Zeiss Axioscope microscope and merged using Adobe Photoshop CS.
